A recombinant virus assay was used to characterize in detail neutralizing antibody responses directed at circulating autologous HIV in plasma. Examining serial plasma specimens in a matrix format, most patients with primary HIV infection rapidly generated significant neutralizing antibody responses to early (0 -39 months) autologous viruses, whereas responses to laboratory and heterologous primary strains were often lower and delayed. Plasma virus continually and rapidly evolved to escape neutralization, indicating that neutralizing antibody exerts a level of selective pressure that has been underappreciated based on earlier, less comprehensive characterizations. These data argue that neutralizing antibody responses account for the extensive variation in the envelope gene that is observed in the early months after primary HIV infection.
N
eutralizing antibody responses after natural infection or vaccination comprise a major component of protection from virus infection (1) . The majority of antibodies directed against the viral envelope glycoprotein (Env) recognizes nonneutralizing epitopes of glycoprotein monomers and is ineffectual (2, 3) . Characterizing the neutralizing antibody response to HIV-1 has been limited by technical challenges. The measurement of serial responses to autologous virus has generally required isolation of primary viruses from peripheral blood mononuclear cells, preparation of virus stocks, and titration of these stocks from sequential blood specimens. Neutralizing antibody responses to heterologous primary isolates and to laboratory strains are easier to characterize but seem to develop slowly after infection and to relatively low titers (2, 4, 5) .
Neutralization escape mutants of the animal lentiviruses such as equine infectious anemia virus, visna virus, and simian immunodeficiency virus evolve in infected horses, sheep, and rhesus monkeys, respectively (6) (7) (8) . Neutralizing antibody responses against autologous HIV-1 were reported first by Weiss in 1986 (9) , and several later studies have suggested that its appearance is slow to develop and of low titer (2, 4, 5) . Neutralization escape of HIV has been reported in limited cases (10) (11) (12) (13) (14) (15) ; however, many studies of autologous neutralizing antibody after primary HIV infection stress the low or absent responses with only infrequent examples of escape (5, (16) (17) (18) . We report here that in most patients, potent neutralizing antibody responses are generated early after infection, at first to the autologous infecting HIV variant and then to subsequent variants. The antibody responses to these variants exert a selective pressure that drives continuous evolution of neutralization escape mutants.
Materials and Methods
Study Subjects. Study subjects were recruited with a diagnosis of primary (recent) HIV infection as part of the San Diego Acute and Early Infectious Disease Research Program. Serial blood specimens were collected, separated by centrifugation into plasma and cells, and frozen at Ϫ70°C. All subjects signed informed consents to protocols approved by the University of California Human Subjects Committee (La Jolla).
Neutralization Assay. A recombinant virus assay initially developed to measure antiretroviral drug resistance during a single round of virus replication was adapted to measure virusantibody neutralization (19) . HIV genomic RNA was isolated from virus stocks or plasma by using oligo(dT) magnetic beads. First-strand cDNA was synthesized in a standard reverse transcription reaction by using an oligo(dT) primer. Env DNA (gp160) was amplified by PCR using forward and reverse primers located immediately upstream and downstream of the env initiation and termination codons, respectively. The forward and reverse primers contain recognition sites for PinAI and MluI, respectively. Env PCR products were digested with PinAI and MluI and ligated to compatible ends in the pCXAS expression vector, which uses the cytomegalovirus immediate-early promoter enhancer to drive env insert expression in transfected cells (Fig. 1A) . Ligation products were introduced into competent Escherichia coli (Invitrogen) by transformation, and pCXAS-env plasmid DNA was purified from bacterial cultures (Qiagen, Valencia, CA). An aliquot of each transformation was plated onto agar, and colony counts were used to estimate the number of envelope sequences represented in each pCXAS-env library (generally 500-5,000 clones). Sequence analysis of individual pCXAS-env clones (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) was used to verify the heterogeneous composition (i.e., quasispecies) of pCXAS-env libraries. Virus particles containing patient virus envelope proteins were produced by cotransfecting HEK293 cells with pCXAS-env libraries plus an HIV genomic vector that contains a firefly luciferase indicator gene (Fig. 1 A) . pCXAS-env plasmid preparation and HEK293 cell-transfection conditions have been optimized to ensure consistent virus particle production. Recombinant viruses pseudotyped with patient virus envelope proteins were harvested 48 h posttransfection and incubated for 1 h at 37°C with serial 4-fold dilutions of heat-inactivated patient plasma samples (antibody) (Fig. 1B) . U87 cells that express CD4 plus the CCR5 and CXCR4 coreceptors were inoculated with virusplasma (antibody) dilutions in the absence of added cations. Virus infectivity was determined 72 h postinoculation by measuring the amount of luciferase activity expressed in infected cells. Neutralizing activity is displayed as the percent inhibition of viral replication (luciferase activity) at each antibody dilution compared with an antibody-negative control: % inhibition ϭ {1 Ϫ [luciferase ϩ Ab͞luciferase Ϫ Ab]} ϫ 100. Titers were calculated as the reciprocal of the plasma dilution conferring 50% inhibition (IC 50 ), which is demarcated as a dashed vertical line in Fig. 2 . A series of experiments using diluted virus stocks (1:2, 1:5, 1:10, or 1:20) has demonstrated that luciferase activity correlates with virus inoculum, but that antibody neutralization titers are not significantly affected (data not shown).
Results
Measuring the Autologous Neutralizing Antibody Response. We began our investigation by studying 14 subjects who presented to the measured by using a cell-based infectivity assay that greatly facilitates the characterization of antibodies and virus envelope proteins derived from the same plasma sample (i.e., autologous envelopeantibody pairs). Infectivity is measured by using recombinant viruses that carry a luciferase reporter gene and are pseudotyped with patient HIV envelope proteins ( Fig. 1 ). Fig. 2 demonstrates the ability of this assay to detect the emergence of autologous neutralization activity directed against the virus present at presentation of primary HIV infection (month 0) in serial plasma samples (0, 6, and 12 months). This assay consistently generates neutralization curves similar in shape and slope and with little variability in duplicate assay wells (Fig. 2) . As a result, IC 50 titers (1͞dilution that confers 50% neutralization) were typically 5-fold higher than the IC 80 values and 10-fold higher than the IC 90 values. The IC 50 titers are reported because they can be most precisely derived from the linear portion of the sigmoid curve. In contrast to most published assays, plasmas with IC 50 titers Ͼ100 in this assay have less than a 1% nonneutralized fraction (i.e., inhibition curves typically plateau at 100% neutralization). To monitor the amount of neutralization activity that is not mediated by antibodies directed against HIV-1 env proteins, each plasma sample was also tested against a recombinant virus stock that was pseudotyped with amphotropic murine leukemia virus envelope proteins (gp70SU and p15TM). Typically, the IC 50 values of amphotropic murine leukemia virus controls were Ͻ50.
Autologous Neutralizing Antibody Response in Patients with Primary
HIV Infection. The neutralization activities of sequential plasma samples against sequential virus envelope proteins from the same patient (autologous responses) or against two reference viruses (heterologous responses) are displayed in Tables 1-3 . For 6 of the 14 patients, peak neutralizing antibody titers reached Ͼ1,000 as exemplified in patient TN-1. For two patients, negligible neutralizing antibody titers (Ͻ100) to autologous viruses were generated as exemplified in patient TN-2. For the remaining six patients, peak titers to autologous virus ranged between 100 and 1,000 as exemplified in patient TN-3; however, for three of these patients the period of follow-up was Ͻ12 months, and antibody neutralization titers may not have peaked yet.
Time of Appearance of the Autologous Antibody Response. To address more precisely the time of appearance of measurable neutralizing antibody responses, more frequent serial plasmas were examined from three patients shortly after the onset of symptoms of primary HIV infection. In patient TN-1 for example (Table 4) , neutralizing activity could be discerned 4-8 weeks Neutralizing HIV antibody titers of sequential plasma specimens against autologous virus. Serial plasmas were obtained from three untreated patients presenting with primary HIV infection. The titer of each plasma against its concurrent virus specimen is in bold type. Control viruses include an amphotropic murine leukemia virus (AMPHO), a neutralization-sensitive X4-tropic virus (NL4-3), and a relatively neutralization-resistant R5-tropic virus (JR-CSF). The time course of development of neutralizing antibody in frequently obtained plasmas from patient 1 early after infection is shown. Sequential plasmas were obtained at the indicated weeks after presentation against sequential autologous viruses. The values of concurrent assays are in bold type. AMPHO, amphotropic murine leukemia virus. after presentation, characteristic of those patients with neutralizing antibody responses. The neutralizing responses to a heterologous primary isolate (JR-CSF) and laboratory strain (NL4-3) were delayed and of modest magnitude consistent with the published literature (2, 4, 5). The detection of this initial response required a sensitive and accurate assay using early autologous virus and antibody. The true timing of emerging neutralizing antibody responses may be masked by the extensive levels of virus replication (Ϸ10 10 virions generated daily during chronic infection (20) and 100 times that during acute infection (21) . Therefore, much of the neutralizing antibody that is generated early in infection may be bound to virions in lymphoid germinal centers and elsewhere and thus undetectable in plasma.
Investigation of Poor Autologous Neutralizing Antibody Responses.
The failure of 2 of 14 patients to generate a significant neutralizing antibody response (Table 2 ) and the varying levels and timing of peak antibody titers among the untreated patients did not seem to correlate with levels of plasma HIV RNA or CD4 lymphocyte counts during the period of follow-up (data not shown). To address whether a generalized or inherent neutralization susceptibility of the patients' viruses accounted for this variability, viruses derived from two subjects who did not generate neutralization responses (TN-2 and TN-4) and two subjects who did generate neutralization responses (TN-1 and TN-3) were tested against three well characterized, broadly neutralizing monoclonal antibodies (b12, 2F5, and 2G12) ( Table 5 ; refs. [22] [23] [24] . Monoclonal antibody neutralization patterns did not correlate with the presence or absence of an autologous neutralizing antibody response. Viruses derived from all time points from each subject were susceptible to at least one monoclonal antibody. Thus viruses are not inherently resistant to neutralization. Notably, for subject TN-1 the appearance of a 2G12 neutralization-sensitive virus at month 6 and the disappearance of an IgG1b12 neutralization-sensitive virus at month 21 exemplifies the continual evolution of virus envelope sequence in response to neutralizing antibody. In contrast, the two patients who failed to develop measurable neutralizing antibody responses did not evolve changes in response to these monoclonal antibodies. Preliminary sequencing analysis suggests that neutralization escape involves multiple variations throughout env that included missense mutations, insertions, deletions, and glycosylation site mutations, often as mixtures of clones or in combinations on clones (data not shown). This complexity of env sequence evolution defies a single simple explanation for evolution of neutralization escape between time points.
Crossreactivity of Neutralizing Responses to Heterologous Viruses.
To address further whether the observed variability in neutraliza- TN-6  45  56  59  44  53  49  20  27  26  62 355 1097  28  47  126 99  51  33  TN-7  47  55  67  57  70  54  25  23  33  39  54  81  41 2915 3741 90  53  51  TN-9  50  48  43  62  71  60  41  36  30  39  66  72  23  24  91 70  374  991  AMPHO  20  22  19  43  29  22  Ͻ15  Ͻ15  Ͻ15 Ͻ15  17  22  23  16  80 85  Ͻ15  Ͻ15 Cross neutralization among plasmas and viruses from patients with primary HIV infection. The month-0 viruses from 13 patients were assayed for neutralization activity against serial plasmas from 13 patients, of which six representative results are displayed. The autologous reactions are in bold type. AMPHO, amphotropic murine leukemia virus. 0  2  5  8  11  14  17  19   0  107  193  292  264  505  504  519  440  2  113  62  160  191  370  435  475  335  5  8 5  5 2  119  165  255  248  388  279  Controls  NL43  76  108  153  149  145  85  134  69  JRCSF  88  57  134  166  155  100  152  71  AMPHO  59  34  90  130  140  106  113  57 The neutralizing antibody titers are depicted over time against three viruses that could be tested before plasma virus became undetectable. AMPHO, amphotropic murine leukemia virus. The values of concurrent assays are in bold type.
tion responses was attributable to variability in antibody response or in virus susceptibility to neutralization, crossneutralization assays were performed with 13 of the month-0 isolates and several plasma specimens from each of the corresponding patients (Table 6 ). Compared with autologous viruses, neutralization of heterologous viruses was absent or at best negligible during the first year of HIV infection. The possibility that plasma samples from patients with poor neutralizing responses contained blocking antibodies or other inhibitors of neutralization was investigated by mixing plasma samples from the two patients with poor responses with neutralization-positive plasmas to look for reduced titers against neutralizationsensitive viruses. No suggestion of such interference was observed (data not shown).
Impact of Potent Antiretroviral Therapy of Neutralizing Antibody
Responses. Using a second group of subjects with recent HIV infection, we investigated the impact of the administration of potent antiretroviral therapy on the neutralizing antibody response. To conduct these studies, a genomic HIV vector was constructed by using a pol gene derived from a patient virus that was highly resistant to protease and reverse-transcriptase inhibitors. This vector, in conjunction with patient virus envelope expression vectors can be used to measure neutralizing antibody accurately despite the presence of inhibitory drugs in plasma of treated patients that confound standard neutralization assays (data not shown). Autologous antibody neutralization activities were measured in longitudinal plasma samples collected from five patients who were administered antiretroviral drugs shortly after presentation and sustained suppression of plasma HIV RNA below 50 copies per ml. In all five subjects, antibody titers plateaued at relatively low titers (Ͻ1:500), and their spectrum of activity evolved very little. This pattern is exemplified by patient TE-1 (Table 7 and Fig. 3 ).
Individual Variability of Neutralizing Antibody Responses. The impact of antiretroviral treatment on the emergence and evolution of neutralization responses can be appreciated by comparing the patterns of individual responses among seven patients who declined treatment and five patients who successfully suppressed plasma HIV RNA with antiretroviral therapy (Fig. 4) . Fig. 4 also depicts   Fig. 3 . Plasma HIV viral load in patient TE-1, who initiated potent antiretroviral therapy 16 weeks after presentation (see Table 7 ). The plasma HIV RNA values over time are shown. the considerable intersubject variation in the time to peak titer and the potency of neutralizing antibody responses directed at viruses that emerged later in infection. In 9 of the 12 untreated patients with detectable neutralizing antibody, the highest measured neutralization titer was directed against the baseline virus (month 0) whereas in three others higher titers of neutralizing antibody developed against viruses that emerged later in infection.
Discussion
The role of neutralizing antibody in modulating the natural course of infection or as a vaccine strategy has received limited attention for several reasons. Neutralizing antibody responses, especially to autologous viruses, have been difficult to measure because of the technical challenges associated with the preparation of autologous virus stocks that are typically obtained from peripheral blood mononuclear cells. Furthermore, cell-derived virus does not accurately reflect the actively replicating population present in plasma; the detection of drug-resistance mutations in lymphocytes lags Ͼ1 month behind those detectable in plasma virus (25) (26) (27) . To date, immunizations with envelope proteins (or expression vectors) have proved disappointing, generating low levels of neutralizing antibody or antibody restricted to the autologous strain and laboratoryadapted strains but lacking activity against most primary isolates (2, 3). In addition, the interest in neutralizing antibody has also been overshadowed by studies that implicate cell-mediated immunity in the control of HIV͞simian immunodeficiency virus infection. Partial control of HIV replication in vivo has been temporally associated with the appearance of cytotoxic CD8 T cell responses (28) . In simian immunodeficiency virus infection, the elimination of CD8 lymphocytes significantly releases simian immunodeficiency virus replication from partial immune control (29, 30) .
The rate of antibody neutralization escape and evolution in recently infected, untreated patients described in this report exceeds the relatively rapid rates of change that are characteristic of the emergence of drug resistance during suboptimal antiretroviral therapy. This observation indicates that the potency of the selective pressure exerted by neutralizing antibodies can account for the extensive variability of env in comparison to other HIV genes (31) . The question then arises why such a strong selective pressure fails to appreciably impact levels of virus replication as does chemotherapy. During the course of HIV evolution, the envelope protein has acquired the ability to retain function (i.e., bind receptors) while tolerating multiple and repeated changes in several highly variable regions containing numerous glycosylation sites (32) . Although drug-resistance mutations confer much greater fitness in the presence of antiretroviral drugs, they typically do not exist as common polymorphisms in untreated patients because they impair the replication of wild-type viruses. In contrast, during the natural course of early HIV infection, fully functional envelope variants continuously emerge and compete for outgrowth in the presence of a rapidly evolving neutralizing antibody response.
The lack of cross-neutralizing antibody responses against heterologous primary isolates during the early stages of HIV infection adds to existing concerns about the difficulty of identifying immunogens capable of inducing broadly protective responses. It will be of interest to determine whether more broadly reactive antibody responses evolve over a longer course of HIV infection (i.e., Ͼ39 months). Nevertheless, an optimist might argue that neutralizing antibody confers such potent selective pressure that antibody targeted against a broad range of circulating viruses could contribute to an effective HIV vaccine. Moreover, in contrast to the selection for escape by a narrowly focused, potent neutralizing response that is reactive to remarkably high levels of virus replication, the prophylactic use of such potent activity against a relatively modest inoculum might confer significant levels of protection and is consistent with the efficacy of passive prophylaxis with antibody to autologous virus in the macaque model (33) (34) (35) (36) (37) .
